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The regulatory guide for the seismic design of nuclear power reactor facilities in Japan was revised in 2006. The guide requires the facilities to
be designed to withstand earthquakes, taking into consideration slope collapses that can be expected to occur around such facilities. Although
these requirements were included in the previous edition of the guide, deﬁnite speciﬁcations are given in the new edition. This has made the study
of the stability of slopes subjected to earthquakes more important. This paper describes the dynamic behavior of slope models based on the
ﬁndings of experimental and analytical investigations. In the experimental investigation, a series of shaking table tests was conducted using slope
models with various inclinations. The feature of the present experimental investigation was to use an image processor to precisely measure the
dynamic shear strain of the models when shaken. In the analytical investigation, Newmark’s sliding block analysis was used to assess the validity
of the test results. The sliding block analyses of the slope models were based on the results of stability and displacement analyses with the
assumption of a circular slip surface. The results of the analyses are used to propose a method for evaluating the stability of rock slopes.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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der responsibility of The Japanese Geotechnical Society.1. Introduction
NSC, 2006-59 (2006), the regulatory guide for the seismic
design of nuclear power reactor facilities was revised. The
guide requires the facilities to be designed to withstand
earthquakes, taking into consideration slope collapses that
can be expected to occur around the facilities. Although these
requirements were included in the previous edition of the
guide, deﬁnite speciﬁcations are given in the new edition. In
the current regulatory guide, any slope with its toe within 50 m
of a nuclear power plant, or at a distance of less than 1.4 times
its height from the plant, should be carefully considered. This
is because the failure of such slopes may result in damage to
the nuclear power plant. In Japan, there are 54 nuclear powerElsevier B.V. All rights reserved.
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142128reactor plants spread over 18 areas. Their speciﬁc locations are
shown in Fig. 1. The slopes around the plants in 13 of these
areas, the heights of which range between 10 and 200 m,
require careful consideration.
In studying modalities for reducing the risk of damage to a
nuclear power reactor plant in the event of the failure or
collapse of the surrounding slopes due to an earthquake, we
assumed a critical scenario in which falling rocks of sliding
slope masses strike the plant, as shown in Fig. 2. The ﬁndings
of this study would facilitate active consideration of risks
beyond those considered in the conventional design of nuclear
power plants, thereby improving their safety. The ﬁrst step of
the study focused on evaluating the stability of a slope around
a nuclear power plant. The evaluation of falling soil or rock
masses after the collapse of the slope is beyond the scope of
this study.
In the meantime, the 11 March 2011 off the Paciﬁc Coast of
Tohoku Earthquake, Japan, along with subsequent events,
including a large tsunami, severely damaged many earth
structures, including earth and rock slopes. Koseki et al.
(2012), Hyodo et al. (2012) reported several case histories
including cut and earth slope failures. In an actual rock slope,
there are several types of geological structures, which may
result in different types of failures. Duncan and Christopher
(2004) identiﬁed four categories of failures, namely, planeFig. 1. Locations of nuclear power reactor facilities in Japan.
Fig. 2. Scenario of a serious threat to a nuclear power plant due to rock slope
failure.failure, wedge failure, toppling failure, and circular failure (see
Fig. 3). In this study, only plain failure and circular failure
were investigated, and this was done empirically and numeri-
cally. Our study of wedge failure and toppling failure is in
progress and will be reported in the future.
Plane failure occurs in rock slopes that have joints that
protrude from the slope face and strike the face in a parallel
direction, as shown in Fig. 3a. Ishimaru and Kawai (2011)
conducted a centrifuge model test on a rock slope model
exhibiting plane failure and used the results of an equivalent
linear analysis to calculate the safety factor, which was
conﬁrmed to be conservative.
Circular failure occurs in rock ﬁlls, very weak rocks, and
closely fractured rocks containing randomly oriented disconti-
nuities. A large amount of literature on circular failure has
accumulated over the last half-century. Sugawara et al. (1983)
conducted a series of centrifuge model tests on a rock slope
model with a circular slip surface and noted that the peak
strength of the rock mass should be used to evaluate the
stability. Many methods for analyzing the stability of circular
and noncircular slip surfaces have been presented, such as the
ordinary method of slices (Fellenius, 1927), Bishop’s modiﬁed
method (Bishop, 1955), Janbu’s generalized procedure of slices
(Janbu, 1968), Morgenstern and Price’s method (Morgenstern
and Price, 1965), and Spencer’s method (Spencer, 1967).
However, as the stability of a slope in a plain failure mode or
a circular failure mode is concerned, many previous studies have
employed Newmark’s sliding block analysis (Newmark, 1965).
In addition, it is well know that Newmark’s sliding block
analysis can be extended to estimate slope displacements for
engineering practice. Goodman and Seed (1966), Wartman et al.
(2003, 2005) used it to verify laboratory model tests, and
Wilson and Keefer (1983), Pradel et al. (2005) used it to
validate their analyses of earthquake-induced landslides in
natural slopes. Yan et al. (1996) proposed a modiﬁed Newmark
analysis for a rigid block on an inclined plane that considers the
vertical component of the seismic motion. Kramer (1996),
Wasowsli et al. (2011), Jibson (2011) comprehensively
reviewed the procedures for sliding block analysis.
Jibson (2011) classiﬁed the analytical procedures for estimat-
ing earthquake-induced slope displacement into three types,
namely, rigid-block, decoupled, and coupled. In the rigid-block
analysis, the sliding block is modeled by a rigid mass that slides
on an inclined plane. This analysis assumes that there is no or
negligible deformation of the soil mass. The decoupled analysis
is more sophisticated and takes the deformation of the soil mass
into consideration. The most commonly used version of the
analysis was developed by Makdisi and Seed (1978). In their
analysis, the dynamic analysis response and the plastic dis-
placement are independently computed. In the coupled analysis,
the dynamic response of the soil mass and the permanent
displacement are modeled together, so that the effect of the
plastic sliding displacement on the ground motions is consid-
ered. Bray and Travasarou (2007) developed a simpliﬁed
approach that used a nonlinear and fully coupled sliding-block
model to determine a semi-empirical relationship for estimating
seismic displacement.
Soft rock layer
Hard rock layer
Medium-strength
rock layer
Fig. 4. Rock slope containing a soft rock layer between a medium rock surface
layer and hard around nuclear power reactor facilities considered in this study.
Fig. 3. Representative rock slope failures. (a) Plane failure. (b) Wedge failure. (c) Toppling failure. (d) Circular failure.
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142 129Our literature survey revealed that there have been limited
experimental works using a shaking table to study homoge-
nous rock slope failure. This is because of the difﬁculty of
developing a rock slope model containing cracks and seams
and characterized by various material properties and geome-
tries. Moreover, the observation of the failure of a rock slope
model under a given gravitational condition requires the
selection of a suitable geomaterial that has the probable
deformation and strength characteristics of the rock, or an
artiﬁcial mixture of appropriate materials. An experimental
approach that uses a suitable geomaterial should therefore be
employed in evaluating the dynamic behavior of a rock slope
using a shaking table.
In this paper, we report the results of a series of shaking
table tests that were used to evaluate the dynamic behavior of
rock slope models with various slope inclinations under a
given gravitational condition. For simplicity, only the hori-
zontal seismic motion was considered in the slope model used
for the investigation. Stability and displacement analyses using
the strength parameters of the geomaterials and assuming a
circular slip surface were conducted to validate the test
method. Based on the results of the stability and displacement
analyses, we propose a practical method for evaluating rock
slope stability.
2. Test program
2.1. Slope models
The typical slope model adopted in this study is shown in
Fig. 4. As will be explained later, three types of slope models
were actually constructed. The high stiffness soil container that
was used for the shaking table tests was 2.05 m long, 1.4 m
high, and 0.6 m wide. All the slope models consisted of three
layers, namely, a surface layer of moderately high stiffness
and strength, a weak layer of low stiffness and strength, and abedrock layer of high stiffness and strength, as shown in
Fig. 5. To determine the slope model geometry and the
strength properties of the geomaterials, a series of trial stability
analyses using various horizontal seismic coefﬁcients was
conducted. The weak layer inclinations of the slope model
were set at 301 and 451, the cohesion of the weak layer ranged
from 0 kN/m2 to 20 kN/m2 in increments of 5 kN/m2, and the
friction angles of the weak layer were set at 51 and 451. The
required strength properties of the geomaterials were deter-
mined under yield accelerations ranging from 300 to 600 Gal.
The appropriate compositions of the geomaterials, shown in
Table 1, were obtained by means of trial examinations to
determine the compositions that would produce sufﬁcient
stability during construction and result in yielding at the
expected acceleration when shaken. The physical properties
of the well-graded gravel and silica sand used in the bedrock
and weak layers are shown in Table 2. The wet densities and
strength properties are shown in Table 3. The wet density of
the surface layer was set at a high value because of the
increasing driving force to which the slope model would be
subjected when yielding occurs at the expected acceleration of
the shaking table. Table 3 shows two sets of strength properties
for the weak layer. As the element test was conducted at a
Bedrock layer
made of cement
mixed gravel
Surface layer made of
iron powder
Weak layer made of
silica sand and
bentonite clay
Fig. 5. Representative slope model with a weak layer inclination of 451.
Table 1
Geomaterial composition (percentage by weight).
Bedrock Weak layer Surface layer
Well-graded gravel (%) Cement (%) Water (%) Silica sand (%) Bentonite (%) Water (%) Iron powder (%) Bentonite (%) Water (%)
90.1 3.6 6.3 90.1 0.9 9.0 80.0 8.0 12.0
Table 2
Physical properties of geomaterials.
Well-graded gravel Silica sand
Uc 5.410 1.480
D50 (mm) 2.520 0.157
emax 0.727 1.132
emin 0.363 0.699
Gs (g/cm
3) 2.710 2.690
Table 3
Wet density and strength properties of each layer.
Layer Wet density
(g/cm3)
Peak state Residual state
Friction
angle (1)
Cohesion
(kPa)
Friction
angle (1)
Cohesion
(kPa)
Surface
layer
3.00 0.0 107.4 0.0 83.4
Weak
layera
1.77 39.5 2.9 36.3 1.7
Weak
layerb
1.77 35.5 3.9 34.8 2.3
Bedrock 2.01 57.3 280.5 53.4 5.4
aWeak layer inclinations of model with slopes of 451 and 401.
bWeak layer inclination of model with slope of 351.
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142130different time, the values for the strength properties were
different. This might be due to the change in the chemical
composition of bentonite after a year. The similitude of the
slope model is explained in Appendix A. In this study, it was
important to conduct shaking table tests to investigate the
dynamic behavior of the slope model before and after its
collapse. Therefore, the experimental conditions, including the
geomaterial properties, were ﬁrst determined, after which the
experimental conditions were veriﬁed to incorporate the
similitude in the slope model. Consequently, scaling factor λ
became 10.0.2.2. Dynamic strain monitoring
A feature of the present shaking table tests was the use of a
dynamic strain monitoring system to measure the dynamic
strain of the rock slope model when shaken. The system
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Fig. 6. Slope model with a weak layer inclination of 451. (a) Overview
and geometry. (b) Arrangement of the accelerometers and displacement
transducers.
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Fig. 7. Slope model with a weak layer inclination of 401. (a) Overview and
geometry. (b) Arrangement of the accelerometers and displacement transducers.
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image data acquisition system that included an image-
capturing board and image analysis software. The basic
components of the system were the same as those of the
system proposed by Watanabe et al. (2005), although the
resolution of the CCD camera was increased to 4 million pixels
and the frame rate was 170 Hz. The resolution was approxi-
mately 0.7 mm per pixel. Watanabe et al. (2005) conﬁrmed
that the actual accuracy of this image-processing system is
smaller than the pixel size of the original images. The accuracy
of the measurements is approximately 0.3 pixel. This corre-
sponds to 0.2 mm under the test conditions of the present
study. As the acquired high-resolution image data are tem-
porarily stored on a computer RAM, the acquisition time can
be increased by increasing the size of the RAM. This study
employed an image-processing system equipped with 64 GB
RAM so that continuous image acquisition could be carried
out for at least 1 min, which was sufﬁcient for the shaking
table tests. The displacements of the target aluminum rivets,
with a diameter of 10 mm and with almost the same speciﬁc
gravity as the geomaterials, were measured using the system.
The targets were basically set at a distance of 50 mm from
each other in the horizontal and vertical directions, speciﬁcally
in the area that was expected to exhibit large strain. The
distance between the targets could be changed to 25 mm to
increase the measurement accuracy. To measure the displace-
ments of these targets during shaking, several ﬁxed points
were used to measure the relative displacements of the targets
on the front glass of the soil container on the shaking table.
2.3. Variable slope inclination test
The three slope models used in this study are shown in
Figs. 6–8. The inclinations of the weak layer of the slope
models were varied at 451, 401, and 351. The surface and
bedrock layers were very strong and were not expected to have
slip surfaces. However, such surfaces were expected in the
weak layer. As shown in Fig. 6a, the crest of the slope model
with a weak layer inclination of 451 had no taper. However, as
shown in Figs. 7a and 8a, the crest of the slope models with
weak layer inclinations of 401 and 351, respectively, had taper.
The geometries of the slope model as well as the strength
properties of the geomaterials were determined under yield
accelerations ranging from 300 to 600 Gal. Furthermore, the
ampliﬁcation at the crest of the slope model could be
considered small based on previous shaking table tests.
Therefore, the difference between the geometries with and
without taper was considered to be small.
The variable slope inclination test focused on the differences
between the accelerations and the displacement responses of
the surface and weak layers, and the effect of the shear strain
generation process for variable slope inclinations. To investi-
gate the dynamic behavior of the model slope subjected to
seismic motion, accelerometers and displacement transducers
were set in each layer, as shown in Figs. 6–8b. According to
the similitude described in Appendix A, the prototype slope
height became approximately 10 m.
352419
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Fig. 8. Slope model with a weak layer inclination of 351. (a) Overview and
geometry. (b) Arrangement of the accelerometers and displacement transducers.
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Fig. 9. Representative input wave of the shaking table with the maximum
acceleration of 100 Gal in the horizontal direction.
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Fig. 10. Time histories of the horizontal accelerations measured near the
surface and in the weak layer with a weak layer inclination of 451 for the
minimum horizontal acceleration of 216 Gal of the shaking table.
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Fig. 11. Time histories of the vertical accelerations measured near the surface
and in the weak layer with a weak layer inclination of 451 for the minimum
horizontal acceleration of 216 Gal of the shaking table.
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cuts to prevent failure at the boundaries and to demonstrate the
potential stiffness and strength of the geomaterials. To
eliminate friction between the surface or weak layer and the
sides of the soil container, a gap of 4 mm was left in all the
slope models. The gap was created by inserting acrylic plates
of the same width as the stepped cuts of the slope during the
fabrication. After the fabrication, the acrylic plates were
carefully removed by pulling them upward. Observations
during the shaking table tests revealed that this gap was
maintained until the collapse of the entire slope model.
The input wave of the shaking table was a horizontal
sinusoidal wave of frequency 5 Hz and wave number 10. The
representative input wave of the shaking table with a maximum
acceleration of 100 Gal is shown in Fig. 9. The ampliﬁcation of
the horizontal acceleration of the shaking table was constant
over a certain period; and thereafter, it increased in steps of
100 Gal until the collapse of the slope model. According to the
similitude described in Appendix A, the prototype frequency
became approximately 1 Hz, which is within the range of typical
predominant earthquake frequencies.
3. Test results
3.1. Dynamic behavior of the slope model one step before the
yield acceleration
Figs. 10 and 11 show the time histories of the horizontal and
vertical accelerations measured near the top of the surface
layer and the toe of the weak layer of the slope model for aslope inclination of 451 (as shown in Fig. 6). It is noted that the
direction of the driving force that induced the slope failure was
equivalent to that of a negative acceleration. The minimum
horizontal shaking table acceleration was determined to be
216 Gal. The measurement points and directions of the
accelerations or displacements of the slope model are also
shown in the ﬁgures. For the minimum horizontal acceleration
of 216 Gal of the shaking table, the horizontal accelerations
of the surface and weak layers had almost the same response as
that of the shaking table, which indicated that the horizontal
accelerations of the surface and weak layers had no ampliﬁca-
tion response. As shown in Fig. 11, the vertical accelerations
of the surface and weak layers exhibited minor responses.
Fig. 12 shows the time histories of the vertical displacement of
the surface layer and the horizontal displacements of the
surface and weak layers for the same acceleration, as obtained
by the displacement transducers shown in the same ﬁgure. The
surface and weak layers were gradually displaced forward and
downward during shaking. The displacements ceased after
shaking because the strength of the weak layer withstood the
acting force owing to the self-weight of the surface and weak
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142 133layers. The response of the models with a weak layer
inclination of 451, during shaking below the level of the yield
acceleration, was similar to the behavior of the slope models
with weak layer inclinations of 401 and 351.Fig. 13. Time histories of the displacement parallel to the weak layer for each
slope model.
Fig. 14. Dynamic behavior of the slope models
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Fig. 12. Time histories of the vertical and horizontal displacements with a
weak layer inclination of 451 for the minimum horizontal acceleration of
216 Gal of the shaking table.3.2. Deformation of the slope model around the yield
acceleration
The slope models with weak layer inclinations of 451, 401,
and 351 exhibited large deformations for minimum horizontal
accelerations of 326, 434, and 614 Gal of the shaking
table. Fig. 13 shows the time histories of the displacement
parallel to the weak layer inclination for the maximum
acceleration of the shaking table, calculated by analyzing the
image. Fig. 14 shows the dynamic behavior of each slope
model before, during, and after shaking. As shown in Fig. 13,
the displacement and its increment for the slope model with a
weak layer inclination of 451 were larger than those for the
slope models with weak layer inclinations of 401 and 351. The
displacement of the slope model with a weak layer inclination
of 351 progressed gradually with the input acceleration until
the end of shaking. As shown in Fig. 13, the displacement
ceased when the shaking was stopped. However, the displace-
ment of the slope model with a weak layer inclination of 401
progressed with the input acceleration over a measurement
period of approximately 7 s. Thereafter, the displacement
continued even after the shaking was stopped, as shown in
Figs. 13 and 14. During the shaking, the toe of the weak layer
collapsed, which resulted in a decrease in the resisting force
along the slip surface, as shown in Fig. 14. After the collapse,
the resisting force due to the residual strength of the weak layer
could no longer support the self-weight of the surface and
weak layers along the slip surface, which resulted in the quickat measurement times of 5, 7, and 9 s.
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Fig. 15. Time history of the vertical displacement measured at the top of the
surface layer using the displacement transducers and image analysis of the
slope model with a weak layer inclination of 451.
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142134slide of the surface and weak layers after the shaking. Based on
the foregoing, the failure modes were classiﬁed as quick
sliding, slow sliding, and quick sliding after slow sliding,
which agrees with the behavior of the slope models with slope
inclinations of 451, 351, and 401, respectively.
The dynamic deformation behavior of the slope model with
a weak layer inclination of 451 is explained in detail here.
Fig. 15 shows the time histories of the vertical displacement of
the top of the surface layer measured by the displacement
transducer and image analysis, respectively. The direction and
location of the displacement transducer are depicted in the
same ﬁgure. The target closest to the displacement transducer
was used for the image analysis. The values of the different
measurements were exactly the same, which showed that the
measurements of the dynamic displacement during the shaking
by image analysis were highly accurate. The slope model
exhibited large deformation between 5.886 and 5.956 s
during the measurement, and then began to slide signiﬁ-
cantly along the weak layer after 6.064 s. Fig. 16 shows
the deformation scene recorded by the CCD camera. Close-
ups of the crack generated at the boundary between the
surface and weak layers are included in the ﬁgure. Between
5.886 and 6.166 s, the generation of the tension crack at
the boundary between the surface and weak layers was
remarkably gradual. Moreover, some voids could be clearly
observed along the slip surface in Fig. 16. These voids
possibly reduced the resisting force by reducing the contact
area along the slip surface. The total residual strength of
the weak layer along the slip surface should therefore be
reduced below the potential value exhibited.
Fig. 17 shows the contour maps of the maximum shear
strain calculated from the vertical and horizontal displacements
of each target by image analysis. The maximum shear strain
was calculated using an isoparametric triangle or square
elements composed of three or four adjacent sets of targets
at intervals of 25 or 50 mm in the vertical and horizontal
directions. After 5.886 s of measurement, the maximum shear
strain generated in the weak layer was between 0.05 and 0.10.
Moreover, at the top of the weak layer and around the
boundary between the surface and weak layers, the maximum
shear strain was generated in the vertical direction because of
the appearance of a tension crack. The maximum shear strains
in the upper and lower regions were generated between 5.956 s
and 6.064 s. This was because the maximum shear strain in
the upper region was due to progressive failure following theformation of the tension crack. In the lower region, the
maximum shear strain was generated by cyclic shearing, which
resulted in a transition in the residual state and a decrease in
the shear strength. After 6.166 s of shaking, a large sliding
displacement occurred and the maximum shear strains in the
upper and lower regions combined to generate a large strain in
the weak layer.
Another shaking table test was conducted to determine the
yield acceleration in the residual state for only the slope model
with a weak layer inclination of 351. In this shaking table test,
the exact same slope model, which had already exhibited a
small sliding displacement, was used after conducting the
shaking table test. The minimum acceleration of the shaking
table to induce further sliding of the slope was determined to
be 158 Gal, which is almost equivalent to a seismic
coefﬁcient of 0.161. This indicated that the yield acceleration
of the slope model with a weak layer inclination of 351 should
have been less than 158 Gal.
3.3. Vertical and horizontal responses against/to the yield
acceleration
Fig. 18 shows the time histories of the vertical and
horizontal accelerations measured at the top of the weak layer,
and of the horizontal acceleration of the shaking table during
the variable slope inclination test. In Fig. 18a, the horizontal
acceleration at the top of the surface layer is plotted up to
6.81 s. Beyond this time, the response acceleration was not
reliable because of the rotation of the accelerometers and the
impact of the collapse.
The horizontal acceleration measured at the top of the
surface layer for each variable slope model was the same as
that of the shaking table until approximately 5.886 s, and the
vertical accelerations were small during this time. Beyond this
time, the horizontal acceleration suddenly decreased due to the
yielding of the weak layer along the slip surface, and the
vertical acceleration suddenly increased accordingly. These
results indicate that the loss of energy resulting from the
decrease in the horizontal acceleration being converted to an
increase in the vertical acceleration might have maintained the
equivalence between the acceleration-based energy and the
energy inputted by the shaking table. The acceleration-based
energy will be discussed later.
Fig. 19 shows an orbit between the horizontal and vertical
accelerations measured at the top of the surface layer at the
same acceleration level of the variable slope inclination test.
Focusing on the orbit of the slope model with a weak layer
inclination of 451, shown in Fig. 19a, the direction of the
acting force due to inertia suddenly changed from the
horizontal direction to the vertical direction after 5.886 s. For
the slope model with a weak layer inclination of 401, the
vertical acceleration gradually increased and reached the peak
value, which coincided with when the horizontal acceleration
was 0 Gal (see Fig. 19b). Afterward, due to the collapse of the
toe of the slope model, the relationship between the horizontal
and vertical accelerations was similar to that of the slope
model with a weak layer inclination of 451. For the slope
Time =5.886 s Time =5.956 s
Time =6.064 s Time= 6.166 s
Zoom
Fig. 16. Generation of tension crack at the upper boundary between the surface and weak layers of the slope model with a weak layer inclination of 451.
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Fig. 17. Maximum shear strain during shaking determined by image analysis.
M. Shinoda et al. / Soils and Foundations 55 (2015) 127–142 135model with a weak layer inclination of 351, the vertical
acceleration gradually increased and reached the peak value
at the same time that the horizontal acceleration was 0 Gal,
which was similar to that of the slope model with a weak layerinclination of 401. These results indicate that when the
horizontal acceleration was 0 Gal, the vertical acceleration
was minimum (that is, downward) during the quick sliding
shown in Fig. 19a, whereas the vertical acceleration was
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This means that the sign of the vertical inertia force during
sliding depends on the sliding failure mode.-800 -400 0 400 800
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Fig. 19. Orbit between the horizontal and vertical acceleration measured at the
top of the surface layer during shaking. (a) Weak layer inclination of 451. (b)
Weak layer inclination of 401. (c) Weak layer inclination of 351.3.4. Conservation of acceleration-based energy
As mentioned earlier, the acceleration-based energy might
have been conserved in the results of the shaking table tests.
The energy conservation was veriﬁed using the Arias intensity
IA (Arias, 1970), which is a measure of earthquake intensity
and is obtained by integrating the squared accelerations over
time as follows:
IA ¼
π
2g
Z Td
0
x tð Þ2þy tð Þ2 dt ð1Þ
where t is time, g is the acceleration due to gravity, Td is the
duration of the ground motion, and x(t) and y(t) are the time
histories of the horizontal and vertical accelerations, respec-
tively. IA can be used as a measure of the severity of the
earthquake shake in assessing liquefaction (Kayen and
Mitchell, 1997) and the falls and slides of rock and soil
(Harp and Wilson, 1995). Regression models for estimating
landslide displacements have also been empirically formulated
(Jibson, 2007). IA is a measure of the total acceleration of the
record rather than of the peak only. It is therefore a better
indicator of the magnitude of the shake than the peak ground
acceleration.
Fig. 20 shows the relationship between the IA obtained from
the time histories of the horizontal and vertical accelerationsmeasured at the top of the surface layer of each slope model
and that obtained from the shaking table. The thinning out data
obtained from the calculation for each time step was used for
the plots. Roughly speaking, the respective corresponding
values were almost the same, which indicates that the
acceleration-based energy was conserved. Strictly speaking,
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Fig. 20. Comparison of the values of IA calculated from the measured
accelerations of the shaking table and the top of the surface layer for the
different slope models.
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between the shaking table and the surface layer. This was
probably due to the ampliﬁcation of the slope acceleration
caused by the deformation during shaking. The same observa-
tions were made for the values of IA determined from the time
histories of the horizontal and vertical accelerations measured
at the toe of each weak layer. It should be noted that the
current slope model was extremely small compared to actual
natural slopes. Therefore, the ampliﬁcation effect during
shaking might be underestimated in the current shaking table
tests on the conservation of the acceleration-based energy. To
verify the conservation of acceleration-based energy on natural
slopes, a centrifuge test or ﬁeld monitoring of natural slopes
should be conducted.4. Stability analysis
4.1. Stability analysis method
Static and seismic stability analyses were conducted using
the conventional modiﬁed Fellenius (1927) method to deter-
mine the center and radius of the critical circular slip surface
and the yield acceleration. The safety factor of the static and
seismic stability analyses was obtained using the following
equation:
FS¼ Mr
Md
¼ MrwþMrckhMrk
MdwþkhMdk
ð2Þ
where FS is the safety factor, kh is the seismic coefﬁcient, Mr is
the overall resisting moment, Md is the overall driving
moment, Mrw is the resisting moment due to the self-weight
of the soil, Mrc is the resisting moment due to the cohesion of
the soil, Mrk is the resisting moment per unit seismic
coefﬁcient due to the self-weight of the soil subjected to the
seismic inertia force, Mdw is the driving moment due to the
self-weight of the soil, and Mdk is the driving moment per unit
seismic coefﬁcient due to the seismic inertia force. The detailsof Eq. (2) can be obtained from the work of Shinoda et al.
(2006). By substituting FS¼1 and rearranging Eq. (2), the
yield seismic coefﬁcient is obtained as follows:
ky ¼
MrwþMrcþMrtMdw
MdkþMrk
ð3Þ
In the current stability analyses, a tension crack was
assumed so that the strength of the weak layer could be
neglected at the top of the weak layer. This was because of the
tension failure observed at the top of the weak layer during the
shaking table tests. In the practical evaluation of the seismic
stability around nuclear power plants in Japan, the location of
tension cracks in natural slopes can be determined by an FE
analysis considering the dynamic behavior.
4.2. Procedure of stability analysis
The ﬁrst step was to determine the magnitude of the
cohesion in the peak state of the yield acceleration obtained
from the shaking table tests by the calculation using various
seismic coefﬁcients. The circular slip surface of this step was
applied to the stability analyses. The second step was to
determine the magnitude of the cohesion in the residual state
using the experimental observations of the slope model with a
weak layer inclination of 451. This will be explained later. For
the purpose of comparison, the third step involved the
calculation of the safety factors using various seismic coefﬁ-
cients and the strength properties obtained in the peak and
residual states during the element tests, as given in Table 3.
4.3. Results of stability analysis
Fig. 21 shows the critical slip surface at the yield accelera-
tion obtained from Eq. (3) for each case. It shows the tension
crack in the vertical direction at the upper boundary between
the surface and weak layers as observed during the current
shaking table tests. Fig. 21a shows two critical slip surfaces
that respectively exhibited the peak and residual strengths of
the weak layer. Compared to that of the residual strength, the
critical slip surface of the peak strength was located approxi-
mately 3 cm deep at the lower end of the tension crack in the
weak layer. As mentioned earlier, the circular slip surface of
the present stability analysis was determined using the peak
strength of the weak layer and the yield acceleration obtained
from the shaking table test. The safety factor for the residual
state was then calculated using the same critical slip surface.
Fig. 22a shows the relationship between the seismic
coefﬁcient and the safety factor of the slope model with a
weak layer inclination of 451. The seismic coefﬁcient was
basically varied between 0.0 and 1.0 in increments of 0.2. The
cohesion of the weak layer for the experimental yield accel-
eration of 314 Gal, which is equivalent to a seismic coefﬁcient
of 0.32, was determined to be 2.24 kPa. A residual stability
analysis was also conducted using the residual strength of
1.7 kPa obtained from element tests. It is important to note that
the safety factor for a seismic coefﬁcient of zero became
greater than 1.0. This numerical result did not agree with the
Fig. 21. Circular slip surface determined by the stability analysis.
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quick sliding in the residual state. It can, however, be seen
from Fig. 18a that the response acceleration of the slope model
with a weak layer inclination of 451 decreased to 0 Gal after
5.886 s, which indicates that the seismic coefﬁcient of the
slope model decreased to zero in the residual state. Thus, the
upper limit of the cohesion of the weak layer in the residual
state could be estimated using a seismic coefﬁcient of zero.
Fig. 22a shows the estimated cohesion of 0.82 kPa, which was
lower than that obtained from the element tests. As mentioned
earlier, some voids could be clearly observed on the slip
surface, as shown in Fig. 16. These voids possibly reduced the
resisting force by reducing the contact area along the slip
surface.
Fig. 22b shows the relationship between the seismic
coefﬁcient and the safety factor of the slope model with a
weak layer inclination of 401. The cohesion of the weak layer
in the peak state was determined to be 2.3 kPa, which is very
close to that of the slope model with a weak layer inclination
of 451. A residual state stability analysis was conducted using
the same residual strengths as that of the slope model with a
weak layer inclination of 451. The seismic coefﬁcient was
determined to be 0.063 for a back-calculated residual strength
of 0.82 kPa, which is equivalent to an acceleration of 61 Gal.
The experimental observations indicated that the failure mode
of this slope model was quick sliding after slow sliding, which
probably caused the instability of the slope owing to the low
seismic coefﬁcient of 0.063, as determined by the residual state
stability analysis.
Fig. 22c shows the relationship between the seismic coefﬁ-
cient and the safety factor of the slope model with a weak layer
inclination of 351. The cohesion of the weak layer in the peak
state was determined to be 3.28 kPa, which is different from that
of the slope models with weak layer inclinations of 451 and 401.
This may be because the slope model with a weak layerinclination of 351 was constructed a year later and the chemical
composition of the bentonite might have changed. Stability
analyses were conducted for two residual states using the
residual strengths of 2.3 and 0.82 kPa obtained from the element
tests and back-calculated using the slope model and a weak
layer inclination of 451, respectively. Additionally, the residual
strength of 2.3 kPa obtained from the element tests was multi-
plied by the previously mentioned strength degradation ratio
(0.82/1.7¼0.48) of the slope model, which produced a value of
1.10 kPa (0.48 2.3 kPa). Using the above residual strengths of
2.3 and 1.10 kPa, the yield seismic coefﬁcients of this model
were determined to be 0.192 and 0.136, which are respectively
equivalent to 188 and 133 Gal and agree with the fact that the
minimum acceleration of the shaking table at the failure of the
slope for the residual state acceleration was 158 Gal, as
mentioned earlier.
5. Newmark’s sliding block analysis
5.1. Newmark’s sliding block analysis
The slope displacement produced by an earthquake can be
calculated by Newmark’s sliding block analysis. After select-
ing the design ground motion, the seismic stability analysis is
conducted using the previously determined center and radius
of the critical slip surface. The seismic coefﬁcient is updated
using the following:
kh tð Þ ¼
A tð Þ
g
ð4Þ
where A(t) is the acceleration time history of the design ground
motion and g is the gravitational acceleration.
We performed the seismic stability analysis until the end of
the time history of the design ground acceleration. During
the analysis, the difference between the overall driving and the
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Fig. 22. Safety factor plotted against the seismic coefﬁcient determined by the
stability analysis using the peak and residual strengths. (a) Weak layer
inclination of 451. (b) Weak layer inclination of 401. (c) Weak layer inclination
of 351.
Fig. 23. Comparison of the displacements during shaking obtained by image
analysis and the Newmark method.
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rotational motion was obtained as follows:
J €θ tð Þ ¼Md tð ÞMr tð Þ ¼MdwþkhMdkMrwþkhMrkMrc
ð5Þ
where θ is the rotational angle of the soil mass and J is the
moment of inertia, which is given by
J ¼∑ Jg;iþ
1
g
 Rg;i2 Wi
 
ð6Þ
where Jg,i is the polar moment of inertia of the ith slice and Rg,i
is the distance between the center of the slice and that of the
critical circular slip surface of the slice.The angular acceleration, angular velocity, and rotation of
the soil mass were obtained using
€θtþΔt ¼
1
J
ΔMtþΔt ð7Þ
_θtþΔt ¼ _θtþ
1
2
 €θtþ €θtþΔt
  Δt ð8Þ
θtþΔt ¼ θtþ _θt  Δtþ
1
6
 2 €θtþ €θtþΔt
  Δt2 ð9Þ
Eq. (9) can only be used to compute the accumulated
rotation of the soil mass if the angular velocity is positive.
Finally, the seismic deformation was obtained using
dt ¼ R θt ð10Þ
In this paper, the seismic deformation is deﬁned as the
rotational displacement of the failure mass along the critical
slip surface.
Matasovic et al. (1997) modiﬁed Newmark’s sliding block
analysis to consider the cyclic degradation of the soil shear
strength. The assumption of constant yield acceleration in the
conventional Newmark’s sliding block analysis was replaced by
variable acceleration in the modiﬁed method. Matasovic et al.
concluded that classical Newmark’s sliding block analysis, using
the yield acceleration based on the soil residual shear strength,
was conservative. They argued that using a degradation strength
model from the peak to the residual strength was more reason-
able. In our study, we used the modiﬁed Newmark’s sliding
block analysis proposed by Matasovic et al. (1997) and applied
the degradation strength model from the peak strength to the
residual strength. In practice, it is very difﬁcult to set the rate of
degradation, especially for geomaterials with time-dependent
properties. Therefore, we assumed that the change from the peak
strength to the residual strength on the safe side was sudden. The
modiﬁed Newmark’s sliding block analysis is hereafter referred
to as the Newmark analysis.
5.2. Results of the Newmark analysis
Fig. 23 shows the results of the Newmark analysis using the
strength parameters determined by the back analysis for the
slope models with weak layer inclinations of 401 and 351,
respectively. The Newmark analysis could not be applied to
the slope model with a weak layer inclination of 451 because
its failure mode was quick sliding, which was due to its
seismic coefﬁcient of zero in the residual state. The analyti-
cally determined displacements of the slope models agree well
Fig. 24. Flow chart for evaluating the seismic stability of a slope.
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Fig. 13, especially over the ﬁrst 7 s of measurement. After 7 s,
the analytically determined displacements of the slope model
with a weak layer inclination of 401 were smaller than the
experimental values, which was due to the change in failure
mode from slow sliding to quick sliding as a result of the
collapse of the slope toe, as shown in Fig. 14. The analytically
determined displacements of the slope model, with a weak
layer inclination of 351, were in good agreement with the
experimental results. The displacements obtained by the New-
mark analysis agree with those measured during the shaking
table tests because the strength parameters in the peak and
residual states were rationally determined.
Consequently, the Newmark analysis can be applied to the
slope for slow sliding failure, but not practically for quick
sliding failure owing to its seismic coefﬁcient being zero in the
residual state. The Newmark analysis cannot be applied to the
slope with quick sliding failure after slow sliding owing to the
difﬁculties of evaluating the changing failure mode. Additional
research is required to evaluate the changing failure mode by
the calculation with the various geometries of the slope and
relevant experimental model tests.
6. Discussions
In the current regulatory guide, any slope with a toe within
50 m of a nuclear power plant, or at a distance less than 1.4
times its height from a plant, should be carefully considered.
This constitutes a screening process for seismic stability
evaluation because such slopes may affect the nuclear power
plant during or after an earthquake. The practical design of
nuclear power plants should require the evaluation of nearby
rock slopes by a combination of stability and displacement
analyses.
In the current regulatory guide, the design earthquake
ground motion shall be in accordance with two types of
earthquake ground motions in both the horizontal and vertical
directions on the free surface of the base stratum at the
proposed site. One is site-speciﬁc earthquake ground motion,
the source of which is to be identiﬁed at the proposed site. The
other is earthquake ground motion, the source of which is not
to be identiﬁed. A detailed explanation of design earthquake
ground motion is available in NSC, 2006-59, 2006.
After selecting the target slope and determining the design
earthquake ground motion, the seismic stability of the slope
should be evaluated. Fig. 24 shows the currently projected
ﬂow chart for evaluating the seismic stability of a slope as
referred to JEAG4601-1987, 1987.
The ﬁrst step involves the determination of the difference
between the calculated safety factor and the allowable safety
factor and applying it to the stability analysis using the
peak strength. This analysis basically adopts current seismic
evaluation procedures, whereas subsequent analyses utilize the
proposed method. The location and depth of a tension crack at
the crest of the natural slope should be determined numerically
or experimentally. The second step involves the determination
of the difference between the calculated safety factor and theallowable safety factor and applying it to the stability analysis
using the residual strength. In this analysis, the failure mode—
whether quick or slow sliding—is determined. If the safety
factor calculated using the residual strength is less than the
allowable safety factor, the failure mode would be considered
quick sliding. The ﬁnal step involves the determination of the
difference between the calculated displacement and the allow-
able displacement and using it to conduct a displacement
analysis, such as the Newmark analysis, using the peak and
residual strengths. If the calculated displacement is smaller
than the allowable displacement, the target slope is considered
to satisfy the minimum requirement of seismic stability.
It is important to note that the applicability of the proposed
seismic stability evaluation, as shown in Fig. 24, is strictly
limited. The proposed method is applicable to a slope consisting
of homogeneous geomaterials and with a circular slip surface.
The evaluation of inhomogeneous geomaterials as an example
of a probability analysis requires further study. Moreover, the
development of a practical method for calculating the seismic
displacement of a slope with a noncircular critical slip surface
should be further studied. In the current study, an allowable
safety factor and an allowable deformation could not be
proposed owing to the lack of necessary experimental and
numerical data. In the near future, the results of shaking table
tests and stability and displacement analyses will be used to
propose the allowable parameters.
Table A1
Similitude for model test.
Parameter Scaling factor (model/prototype)
Gravity 1
Acceleration 1
Unit weight of the soil 1
Stress 1/λ
Frequency λ(nþ1)/2
Strain 1/λn
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This paper reported a series of shaking table tests conducted
using rock slope models with various slope inclinations under
a given gravitational condition. The slope models consisted of
surface, weak, and bedrock layers composed of composite
geomaterials. The dynamic strain during shaking was success-
fully measured to understand the generation of shear strain.
Each slope model, immediately before sliding, exhibited a
speciﬁc tension crack at the upper boundary between the
surface and weak layers. The sliding modes of each slope
model were classiﬁed as quick sliding, slow sliding, and quick
sliding after slow sliding (the intermediate case). The results of
the shaking table tests conﬁrmed the conservation of
acceleration-based energy in the surface and weak layers with
respect to the vertical and horizontal directions.
A seismic stability analysis was conducted to determine the
strength of cohesion by applying various seismic coefﬁcients to
the peak state of the yield acceleration. For the purpose of
comparison, the safety factors were also calculated using various
seismic coefﬁcients and the strength properties obtained in the
peak and residual states during the element tests. The yield
acceleration, based on the assumed residual strength, agreed
well with the experimentally determined value. In addition, a
Newmark analysis was conducted using the determined strength
parameters and the circular slip surface. The results of the
Newmark analysis agreed well with the experimentally deter-
mined displacements of the slope models with weak layer
inclinations of 401 and 351 for only slow sliding.
Finally, a method for evaluating the stability of rock slopes
was proposed based on the results of the stability and
displacement analyses. Due to the lack of experimental and
analytical data, an allowable safety factor and allowable
deformation could not be proposed in this paper. The allow-
able safety factor and deformation are, however, essential for
practical design and will be proposed in a future work through
the gathering of necessary experimental and analytical data.
In the shaking table tests of the present study, a simpliﬁed
sinusoidal wave was used to represent the input wave. Thus,
the yield acceleration could be easily determined because the
cyclic loads had the same maximum acceleration. In practice,
the input wave is random and irregular, which necessitates the
veriﬁcation of the applicability of the stability and displace-
ment analyses of this study. Moreover, for a precise evaluation
of the safety of a sliding slope, the stability analysis should be
conducted using the strength parameters in the residual state
and the displacement obtained from the Newmark analysis.
The stability evaluation can be used to determine whether the
failure mode is slow or quick sliding.
Appendix A. Similitude for dynamic behavior
Here, 1/λ—scale models that satisfy the following are
considered (Rocha, 1957):
lm ¼
1
λ
 
 lp ðA1Þσcm ¼
1
λ
 
 σcp ðA2Þ
where l is the length, σc is the conﬁning pressure, and
subscripts m and p denote model and prototype. The following
predominant physical laws were considered in the present
experimental investigation:
Gravitational force : Fg ¼ ρ g l3 ðA3Þ
Shear resistance along shear bands
: FS ¼ σn  tan φ l2 ðA4Þ
Normal force on shear bands : FN ¼ σn  l2 ðA5Þ
Friction between facing and backfill
: FP ¼ σn  tan δ l2 ðA6Þ
Inertia force of model : Fi ¼M  f 2  l¼ ρ f 2  γ  l4
or Fi ¼M  α¼ α ρ l3
ðA7Þ
where ρ is the density of backﬁll, g is the gravity acceleration,
ϕ is the friction angle of the sliding mass, σn is the normal
stress on the sliding surface, α is the response acceleration of
the model, f is the frequency of shaking, and γ is the shear
strain of the model. According to the Rocha (1957), the
similitude can be deﬁned to take the ratios of the predominant
factors (Fg, FS, FN, FP, and Fi ) to the external force (F).
On the other hand, shear strain γ¼τ/G is proportional to
(σc)
n, where σc is the conﬁning pressure and n is the power.
Referring to Eq. (A2), we obtain
γp
γm
¼ σcp
n
σcmn
¼ λn ðA8Þ
Substituting Eq. (A3) into the formula of Fi/Fg, the ratio of
frequency between the model and the prototype is obtained as
f m
f p
¼ λnþ 12 ðA9Þ
The scaling factors between the model and the prototype for
the other quantities that are obtained as above are listed in
Table A1.
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